ABSTRACT
Introduction
Membrane proteins perform a wide range of essential cellular functions. Pores, channels, pumps and transporters control the transport of ions and metabolites between the cell and the extracellular environment or between cellular compartments. Photosynthetic proteins and respiratory enzymes allow the conversion of energy into a form useful for the cell. Signal transduction involves receptors that sense changes in the cellular environment, e.g. different as hormones, light, or mechanical stimulation, to initiate specifi c cell responses. Membrane proteins are involved in a number of genetic diseases and have considerable therapeutic importance: half of drug targets are membrane receptors or ion channel.
The characterization of the interactions and structure of membrane proteins is extremely important in order to understand their physiology, facilitate the rationale of effective drug design and develop new therapies. It is in practice rather diffi cult. The number of available structures is increasing rapidly, but few membrane protein structures are still known as compared with soluble proteins (http://blanco.biomol.uci. edu/Membrane_Proteins_xtal.html). This is due in part to the low natural abundance and/or low over-expression rate of membrane proteins, and to the diffi culties presented by their extraction from the lipid environment and their handling in solution.
Amphipatic compounds, generally detergents, have to be used to solubilize, stabilize and manipulate membrane proteins. Detergent micelles, with dissolved lipids, coexist in solution with the detergent-protein complexes that may also bind lipids and/or co-factors [17] . The stability and composition of the protein-detergent complexes depend drastically on the type and concentration of the detergent and the role of the lipids is also crucial. For example, cytochrome b6 f is one of the major complexes of photosynthetic oxygenic chains. Functional b6 f complexes from thylakoid membranes of Chlamydomonas reinhardtii are present as dimers, each monomer comprising eight subunits, seven cofactors, and several lipids [30] . The b6 f complex easily dissociates into inactive monomers when handled in detergent solution [2] . Most often, proteins can be solubilized in an active form in a very restricted range of detergent concentration, and even in these conditions, they inactivate with time. When decreasing the detergent concentration close to or above the critical micelle concentration (CMC), membrane proteins aggregate and precipitate. Above the CMC, the detergent is bound as a layer on the hydrophobic surface of the membrane protein, in quantities that are highly variable and thus modify considerably the size and mass of the complex [17, 20] . Oligomerization may regulate the function of different membrane proteins. It can be diffi cult to characterize the association state of membrane proteins in solution. This is because of the association to membrane proteins of detergent and lipids, sometimes in large amounts and the coexistence of detergent micelles of similar size. Also, the effects of changing the solvent composition on membrane protein stability and solubility are poorly understood. 
Possibility of ab initio low resolution structure for homogeneous samples from the analysis of the whole scattering curve. *All parameters are described in the text.
We present here the principles of analytical ultracentrifugation (AUC), density measurements, and small angle neutron scattering (SANS). Table 1 describes briefl y the information given by these techniques in the case of a homogeneous non-interacting ideal solute. These techniques are those we mainly use to characterize the membrane proteins assemblies in solution. We then show how protein-detergent and protein-protein interactions can be linked in a thermodynamical approach. Next we conclude by the report of our recent results concerning the use, for the stabilization in solution of functional membrane proteins, of original surfactants (hemi-fl uorinated detergents and amphipatic polymers).
Characterization of membrane proteins in solution.
Hydrodynamic and scattering techniques characterize the number of species in solution, their concentration and composition and give also some structural information.
Analytical ultracentrifugation (AUC) combines particle separation and analysis into a powerful technique for the determination, in a rigorous thermodynamic way, of the size, mass, composition, and interactions. For recent reviews, book chapters or books, the reader can refer to [6, 19] , [7, 28] or [27] . For the study of membrane proteins, the publication of Tanford et al. [32, 33] remains excellent lectures. The work on the multidrug transporter BmrA is a good recent example illustrating the use of AUC and other complementary techniques for studying the association of membrane proteins in solution [22] . For recent reviews, see [9] . Free software can be found in the Reversible Associations in Structural and Molecular Biology (RASMB) website (http://www.bbri.org/RASMB/ rasmb.html).
Fig. 1. Schematic representation of the typical experiments of analytical ultracentrifugation
The circles represent the macromolecules that are transported in the solution under the action of the centrifugal fi eld. Sedimentation velocity is performed at high angular velocity: typically between 130000 or 260000 g; with samples of 400 μL; Sedimentation equilibrium at lower angular velocity, typically between 7000 and 45000 g, with samples of 110 μL.
Sedimentation velocity (SV) experiments (Fig. 1A) are performed at high angular velocity during a couple of hours and follow the transport of the macromolecules as a function of time. For a limited number of non interacting species, the analysis gives the sedimentation and the diffusion coeffi cients, s and D, from which are derived, using the Stokes-Einstein and the Svedberg equations, the hydrodynamic radius R H and the buoyant molar mass M b .
R is the gas constant, T the absolute temperature, N A Avogadro's number and η the solvent viscosity. The hydrodynamic radius is often compared to the minimum radius R min corresponding to the anhydrous volume of the particle, with use of the frictional ratio f/f min :
We often use the typical value for globular compact particle, f/f min =1.25, to calculate expected sedimentation coeffi cient for a given particle mass and composition. M b is the molar mass minus the mass of solvent corresponding to the volume of the particle. M b is related to the molar mass (M) and partial specifi c volume ( v ) of the particle and to solvent density, ρ :
Sedimentation equilibrium (SE) experiments (Fig. 1B ) are performed at lower angular velocity. After typically 24 hours of sedimentation, the sedimentation and diffusion fl uxes compensate exactly. From the analysis of the resulting concentration gradient in the ultracentrifuge, M b is obtained. It is locally a mean value if the system is heterogeneous. In the case of equilibrium of association; because the mean molar mass depends on the total concentration, (which varies in the ultracentrifuge), equilibrium association constant are derived.
Sedimentation velocity experiments valorise particle separation. The analysis in terms of size distribution -c(s) analysis [25, 26] -allows to distinguish detergent micelles and membrane protein complexes, for example. It is very effi cient to qualify sample homogeneity and assess the possibility of equilibrium association in solution from the comparison of the sedimentation of samples at different concentrations.
We have developed specifi c protocols for the characterisation of membrane proteins, which valorise the global analysis of data obtained with different optics or in solvents of different densities [9, 13, 23, 24] . Indeed interference optics measure variations as a function of the radial position in the refractive index of the solution. These variations are related to changes in the solution composition and thus measure changes in the concentration of all components. Absorbance signal can be specifi c, for example at 280 nm, a protein may absorb but not the detergent or lipids. In that case, combining interference and absorbance optics can often be used to estimate the amounts of bound and free detergent and lipids. The buoyant molar mass M b is directly obtained from SE profi les or derived from s and D in SV. M b from SE is typically a mean weight value for the M b values for different types of macromolecular assemblies present in solution -including detergent micelle, if there are detected-while SV focuses on a specifi c type of macromolecular assemblies. M b * for the protein-detergent complex depends on the complex composition and can be expressed as a function of the molecular mass of the protein within the complex, M p and a buoyant term, (∂ρ/∂c p ) μ , which depends on the complex composition i.e. on the values of bound detergent and lipids, B det and B lip :
The buoyant mass depends also on the relative densities of the solvent, ρ, and of the components (partial specifi c volume v i is the inverse of the component density). Increasing the solvent density, by using D 2 O or D 2 18 O instead of H 2 O, will change the relative contribution to M b * of the protein, detergent and lipid components. This procedure can be used to estimate the complex composition. When ρ = 1/ v det , neglecting lipid contribution, M b * can be analyzed in term of protein autoassociation. Size exclusion chromatography in the presence of labelled detergent can be used to estimate B det , thin layer chromatography of lipid extracts and phosphorus assays for determining the amount of lipids and phospholipids bound to membrane proteins [see 11, 22] .
Density measurements are frequently used for measuring partial specifi c volume:
Let us remark that in Equation (7), (Δρ/Δc) is measured at fi xed composition of the solvent components (which is in practise impossible to perform for a membrane protein). (∂ρ/∂c p ) μ in Equation (6) measures the change in the solution density related to the concentration of protein (not to that of the complex). It refl ects the interactions of the protein with all the components of the solution. It is measured by reference to a protein free dialysate, in which all components except protein have the same chemical potential as in the protein solution. Density measurements in such conditions are extremely diffi cult to perform, due to the large size of detergent micelles and the very long times of equilibration. They require also the knowledge of the absolute concentration in protein. They have been done, however, with proteins that are large when compared to the micelle, or following the use of affi nity columns where the detergent concentration can be equilibrated in the case of His-tagged proteins for example [3] [4] [5] . In those cases, the two sets of experimental values, with (∂ρ /∂c p ) μ obtained from density measurements, and M b * from AUC, can be combined to derive the molar mass M p of the protein within the protein detergent complexes, without any hypothesis concerning the detergent and lipid binding.
In a small angle neutron scattering experiment (schematized in Fig. 2) , the solution of macromolecule scatters a small part of the neutron beam elastically (at the same wavelength) and isotropically (because of the disorder of the orientation of the macromolecules in the sample) [29] . The Guinier approximation (Eq. 8 below) allows the determination of the radius of gyration of scattering density contrast (Rg) and the forward intensity I(0) from the linear plot at small angle (RgQ < 1, where Q is the scattering vector related to the scattering angle θ and wavelength λ (Q=(4π/λ)sin(θ/2)):
I(0) can be expressed in forms analogous to that given in Eq. (5) (6), depends on the properties (scattering length density and partial specifi c volumes) of the components as well as the particle composition. New possibilities of data analysis [16] are becoming available to determine ab initio, from the whole scattering curve of homogeneous (or perfectly defined) samples, low resolution solution structures at up to 1 nm. They were recently applied to detergent -solubilized proteins [14] .
Solvent composition and stabilization and membrane protein functional assemblies.
Studying the link between protein-detergent and proteinprotein interactions can provide a thermodynamic description of the solution that could be used in a predictive way to Fig. 2 . Schematic representation of a scattering experiment stabilize given species or modulate their solubilities. It is clear that very often, increasing detergent concentration stabilize the dissociate states. This is a feature that explains partly the frequent controversy concerning the association states of membrane proteins reason (see e.g. the case of EmrE [4, 36] ). Wyman [37] , by the theory of linked functions, emphasized the infl uence of ligand binding on protein equilibrium processes. If the process under study, for example a dissociation process, is accompanied by a change in the number of bound molecules of detergent (ΔN det ), K d evolves with the activity a det of detergent as follows,
The effects of hydration, emphasized by Tanford [31] , are ignored here in view of the low detergent concentration relative to that of water (for the formalism to be used for the study of co-solvent, see [8, 10, 34] . The question can be asked here: what is the activity of the detergent? that of monomer? Yes, a det is a monomer if N det is counted as a number of detergent molecules. But Equation (9) can also be written considering the activity of the micelle. Because of the equilibrium between monomer and micelle, their chemical potentials are equal and their activities are linked:
We can consider in general that a micelle is the micelle concentration, [micelle], which is calculated from the total detergent concentration [total detergent] of the solvent, the CMC, and the aggregation number N agg :
[micelle] = ([total detergent] -CMC) / N agg (13) These relationships were used to relate the monomer-dimer association for the detergent solubilized protein HuPON1 to the amount of free detergent in solution [15] . The decrease of the monomer-dimer association constant when increasing detergent concentration was related to the release of about 100 molecules of detergent upon protein association.
Application of these methods to investigate the potential of new surfactants for the stabilization of membrane proteins. New compounds have been designed that would keep membrane proteins in solution but would not denature them. Amphipatic polymers, bearing a number of hydrophobic pads on a polyacrylic chain were designed and studied by Tribet, Popot and col. [11-13, 21, 35] . Hemifl uorinated detergents were designed, synthetized and studied by Pucci, Popot, Breyton and col. [1, 18] . The characterization of the complexes formed with membrane proteins, bacteriorhodopsin and cytochrome b6f, respectively, was undertaken using in particular AUC. The ability of these surfactants to maintain membrane proteins soluble and stable in a rather homogeneous way [11, 18] revealed encouraging features for their use and/or optimization.
